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Abstract
A strong coupling between an electronic cavity and a quantum dot has been
recently demonstrated [Phys. Rev. Lett. 115, 166603 (2015)] and described in a
comprehensive theoretical framework [Phys. Rev. B 96, 235431 (2017)]. Here, we
focus on the signatures that demonstrate the cavity’s impact on inelastic singlet-
triplet transport through the dot. We find the same transport signatures in
the experiment as predicted by the model that describes the coupled dot–cavity
system. Interestingly, a lowest-order treatement of the coupling to the electronic
leads on top of an exact diagonalisation of the dot–cavity system is sufficient to
highlight the interplay between the cavity and the higher-order inelastic singlet-
triplet cotunneling.
1 Introduction
Confinement of two dimensional electronic gases in ultraclean materials have been used with
great success to create a myriad of quantum devices [1]. Transport through these devices
displays fascinating low-dimensional coherent phenomena at mesoscopic scales. Having estab-
lished a firm control over the fundamental building blocks of the mesoscopic heterostructures,
nowadays, various mesoscopic structures are successfully coupled to each other, leading to new
phenomena and applications. For example, in a recent work [2, 3], we were able to demon-
strate spin-coherent coupling between an electronic cavity [4, 5] and a few-electron quantum
dot [6].
The device offers a tunable method for this coupling, exhibiting a spin-singlet state that
extends over the entire device, on length scales of ∼2µm, and generates cavity-assisted co-
tunneling processes. We report, here, on similar transport spectroscopy measurements of the
dot–cavity system as were reported in Ref. [2]. In the previous work, we focused on the ef-
fect of the electronic cavity on Kondo transport, i.e., when the dot has an odd number of
electrons. Here, we focus on a regime where the dot is populated by an even number of elec-
trons. We experimentally observe, once more, cavity-assisted cotunneling processes, but also
highlight the amplification of inelastic singlet-triplet cotunneling [7, 8] through the dot by the
cavity. Following Ref. [3] we write an effective model, which we analyze using a rate equation
method, thus, predicting the out of equilibrium transport through the system corresponding
to the exerimental data.
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2 Dot–cavity experiment
The electronic dot–cavity device is shown in Fig. 1. A two-dimensional electron gas (2DEG) is
formed 90 nm underneath the surface of a GaAs/AlGaAs heterostructure. Applying negative
voltages to Schottky top gates depletes the underlying 2DEG and defines a quantum dot
that is tunnel-coupled to source and drain leads. An additional curved gate is positioned
∼ 2µm away from the dot. Applying a voltage Vc generates an electronic mirror that confines
quantized ballistic cavity modes with increased weight at the tunnel barrier [3, 5]. The mirror
gate has a relatively small opening angle of 45◦ in order to confine only fundamental one-
dimensional modes, i.e., high angular-momentum modes leak out into the drain.
The specific device design allows for controllable transport spectroscopy of a few-electron
dot, i.e., provides enough degrees of freedom to tune relevant experimental parameters inde-
pendently. The gate voltage VD1 = −0.4 V controls the position of the dot potential minimum
between the source and drain tunnel barriers. It was kept unchanged throughout the exper-
iments. The dot plunger gate voltage Vd ∼ −0.65 V changes the occupation number of the
dot. The tunnel barrier gates VS and VD2 control the tunnel couplings, ΓS and ΓD, of the dot
to the source and drain leads, respectively.
VC
1 μm
cavity
VD2 
Vd
VSD 
VD1 
VS
drain
source
dot
Figure 1: Scanning electron mi-
crograph of the dot–cavity device,
see also Ref. [2]. Schottky elec-
trodes (bright) define an electronic
cavity (Blue overlay) focused onto
a dot (green circle overlay). Gate
voltages VS and VDi with i =
1, 2 control the dot tunnel coupling
to source and drain, respectively.
Gate voltages Vd and VC control the
energies and occupancies of the dot
and cavity, respectively.
We focus, here, on a subset of transport spectroscopy measurements through the dot–
cavity system (cf. Ref. [2]). The experiments were conducted at an electronic tempera-
ture Tel < 20 mK [9, 10]. In Fig. 2, we report on two finite-bias measurements of the
differential conductance g = dI/dVSD through the dot–cavity device. In Fig. 2(a), a stan-
dard Coulomb diamond structure is observed when the cavity mirror gate is switched off
(Vc = +200 mV), cf. Fig. 2(a) in Ref. [2]. We observe a pronounced Kondo–resonance in the
N = 3 e− charge state. Important for our discussion here, is the appearance of a singlet-
triplet inelastic cotunneling feature within the N = 2 e− Coulomb blockade valley. Addi-
tionally, such a measurement allows us to estimate the model parameters of our system,
for example, the tunnel coupling constants are estimated by inspection of the pronounced
Kondo–resonance in the N = 3 e− charge state. From the full-width-half-maximum of the
Kondo–resonance we estimate a Kondo–temperature of TK ≈ 100 mK. After determining the
dot’s charging energy U ≈ 700µeV from the extent of the Coulomb diamond, we use the
relation: TK = 1/2
√
ΓUe−piU/4Γ and obtain ΓS = ΓD = Γ/2 ≈ 87µeV. Similarly, from the
singlet-triplet inelastic cotunneling feature, we observe the singlet-triplet splitting on the dot
2
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Figure 2: Finite-bias measurements of the differential conductance g = dI/dVSD through
the dot–cavity device. The tunnel couplings were tuned to be symmetric ΓD ≈ ΓS. (a)
A standard Coulomb diamond structure as a function of VSD and Vd is observed when the
cavity is switched off (Vc = +200 mV). Characteristic (dark) regions of Coulomb blockade are
intersected by a pronounced zero-bias Kondo resonance at odd dot occupation (N = 3 e−).
At even occupation (N = 2 e−), a ubiquitous singlet-triplet inelastic feature is seen at finite
bias. (b) Same experimental parameters as highlighted by the red dashed line in (a), but as
a function of Vc. Additional resonance lines spaced by δcav ≈ 220µeV arise due to the cavity
modes modifying the dot transport. The continuous lines are due to elastic cavity assisted
cotunneling processes while the discontinuous lines split off by δSTdot (one set indicated by red
dotted lines) are due to inelastic cavity assisted cotunneling processes and thus only appear
at finite bias. Please note that the ratio δcav/δ
ST
dot ≈ 2 is not constrained, and may be different
for different experimental parameters.
δSTdot ≈ 110µeV.
Positioning the dot deep within this valley, the cavity gate is switched on gradually by
applying bias on Vc, see Fig. 2(b) (cf. Fig. 4(f) in Ref. [2]). Once the 2DEG below the
cavity gate is depleted, an electronic cavity is formed with its states filled up to the chemical
potential. Considering the lithographically defined distance of the mirror gate from the drain
tunnel barrier of the dot Lcav = 1.9µm and a Fermi wavelength λF ≈ 53 nm, we estimate that
upon formation ncav ≈ 2Lcav/λF ≈ 70 states are filled. Applying increasingly negative Vc,
the mirror gate depletes more of the 2DEG below it and makes the cavity shorter. Thus, the
cavity level-spacing becomes larger and its states rise in energy, passing through the chemical
potential, and effectively enhancing the tunnel coupling ΓD by doing so. This is seen in
Fig. 2(b) as a series of peaks with enhanced cavity-assisted cotunneling.
3
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3 Dot–cavity theory
In the following, we introduce an effective model describing the dot-cavity system [? ]. This
corresponds to the Hamiltonian
H = Hleads +Hdot +Hcav +Hcoupl +Htun , (1)
where
Hleads =
∑
s,σ
sc
†
sσcsσ +
∑
d,σ
dc
†
dσcdσ , (2)
describes the source and drain leads with creation and annihilation operators of lead states
c†iσ and ciσ, with spin σ and i = s, d indicating momenta of states in the leads, respectively.
For our discussion, it is sufficient to consider a dot described by two interacting levels
Hdot =
∑
σ
[
dd
†
1σd1σ + (d + δd) d
†
2σd2σ
]
+ Un(n− 1)/2 , (3)
with creation and annihilation operators d†jσ and djσ of the dot levels, j = 1, 2 with energies
d and (d + δd), and spin σ. Additionally, the occupation operator is n =
∑
j,σ d
†
jσdjσ, and
Coulomb interaction is denoted by U . The cavity Hamiltonian describes a sum of discrete
non-interacting levels
Hcav =
∑
σ,m
(c +mδc)f
†
mσfmσ , (4)
with cavity energy c, equal cavity spacing δc, integer m and creation and annihilation oper-
ators f †mσ and fmσ. The dot and cavity coupling Hamiltonian is
Hcoupl =
∑
j,m,σ
Ωjmf
†
mσdjσ + h.c. , (5)
with tunneling amplitudes Ωjm, and the tunneling Hamiltonian between the dot-cavity central
area and the leads is
Htun = H
dS
tun +H
dD
tun +H
cD
tun
= tS
∑
s,j,σ
(d†jσcsσ + h.c.) + tD
∑
d,j,σ
(c†dσdjσ + h.c.) + tc
∑
m,s,σ
(c†sσfmσ + h.c.) . (6)
The tunneling amplitudes ta couple the dot to source (a = S) and drain leads (a = D), and
correspond to the rates Γa = 2piρa |ta|2. The amplitude tc describes the coupling between
cavity levels and the drain lead (which we assume is the same for all cavity levels), and gives
rise to the rate, Γc = 2piρD |tc|2. Here, and in the following, we set h¯ = 1.
3.1 Master equation analysis
We employ a master equation approach to describe the transport through the dot–cavity in-
teracting system, assuming that it is weakly-coupled to the leads [3, 11–14]. We are interested
in describing the effect of the cavity on inelastic-cotunneling processes through the dot, see
4
SciPost Physics Submission
Fig. 3(a)-(c) for illustrated examples. Here, we do not analyze high-order cotunneling rates
through the dot. As we shall see, to capture the effect, it is sufficient to consider sequential
transport through the exact solutions of the central (closed) dot–cavity system, i.e., by mak-
ing use of the exact diagonalization results, we consider the dot–cavity coupling to all orders,
but consider the couplings to the leads in lowest order, see Fig. 3(d).
Let us first consider, the dot–cavity Hamiltonian [cf. Eqs. (3), (4), and (5)]
Hdc = Hdot +Hcav +Hcoupl . (7)
Assuming that only n cavity levels are close to the chemical potential and affect the physics
of the device, we can solve this Hamiltonian by exact diagonalization of a 22n+4 × 22n+4
matrix, and determine the eigenstates and eigenenergies of the isolated dot–cavity system.
The obtained set of solutions, αN , |N,α〉 can be characterized by the occupation (electron
number, N) of the central region (Fock space), and by sorting the eigenenergies αN within
each Fock block in increasing order and labeling them by α, i.e., α = 1 denotes the ground
state with N electrons.
The occupation probabilities PαN of populating the eigenstates when the system is coupled
to leads are found by determining the steady state of the coupled rate equations (master
equation)
∂tP
α
N =
∑
N ′,α′
(Wα,α
′
N,N ′P
α′
N ′ −Wα
′,α
N ′,NP
α
N ) , (8)
where the rate Wα,α
′
N,N ′ corresponds to the transition rate from state |N ′, α′〉 to state |N,α〉.
In the following, we only consider coupling to the leads, Htun, to lowest order (sequential
tunneling), i.e., we consider only the rates W(N±1),N . The sequential tunneling rates are
composed of three contributions,
W(N±1),N = W dS(N±1),N +W
dD
(N±1),N +W
cD
(N±1),N , (9)
and are given by
W da(N±1),N = Γa|〈ψN±1|cˆ±dσ|ψN 〉|2ga±(N±1 − N ) , (10)
W cD(N±1),N = Γc|〈ψN±1|
∑
j
fˆ±jσ|ψN 〉|2gR±(N±1 − N ) , (11)
where ga+() = nF(−µa) and ga−() = 1−nF(−−µa) are, respectively, the electron and hole
distribution functions with nF() = 1/(1 + e
β) the Fermi-Dirac function, and β = 1/kBT . We
use the operator notation O+ = O† and O− = O.
The current through the system is expressed through the rates and the steady state occu-
pation probabilities as
I = e
∑
N,σ
(W dL(N+1),N −W dL(N−1),N)PN . (12)
In Fig. 3(e), we plot the calculated differential conductance G = dI/dVSD. Our model
predicts the (elastic) cavity-assisted cotunneling signatures in the low bias regimes, high-
lighting the contribution of processes such as the one depicted in Fig. 3(a). Additionally, at
higher-bias, the signatures of inelastic singlet-triplet cotunneling appear as resonant processes
5
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Figure 3: Examples of relevant processes and results deep within an even occupation Coulomb
blockade valley. (a) An elastic equilibrium cavity-assisted cotunelling process where an elec-
tron virtually hops out of the dot into the cavity (I), and is replaced by an electron from the
source (II). Finally, the electron in the cavity tunnels resonantly into the drain (III). (b) An
inelastic cavity-assisted cotunneling process. As in (a), an electron first virtually hops into
the cavity (I) but then the dot is populated in its triplet excited state by a source electron
(II). Here, too, the electron in the cavity tunnels resonantly into the drain (III). (c) Similar
to (b), but here the process takes an excited triplet state into the singlet ground-state. The
processes (a)-(c), as well as, additional ones that are not illustrated, are automatically taken
into account by our master equation as the central region is exactly diagonalized. Indeed,
in our sequential transport approach only processes including two or more lead operators
are neglected: a simple illustration of this can be seen in (d) where the exactly diagonalized
dot–cavity hybrid system is depicted in the addition spectrum representation. An excited
(α > 1) state can only be probed if the absolute value of the difference in chemical potentials
∆µ = µD − µS is larger than the splitting δ = α − 1. (e) The calculated differential conduc-
tance using the master equation approach [cf. Eq. (12)]. The parameters used are µD = 0,
T/U = 0.02, Ωjm/U = 0.05, δc/U = 0.75, δd/U = 0.2 and d = −1.5U + 0.5µS + 0.1c. At
low bias, a continuous cavity-assisted cotunneling line appears corresponding to process (a).
At sufficiently large bias |µS| ≥ δd, discontinuous lines (one set indicated by red dotted lines)
appear due to cavity-assisted inelastic cotunneling transport through the excited triplet state,
see also (b), (c), and (d). Here we capture the experimental signatures, and can confirm that
the model parameters δd and δc correspond to the experimentaly established parameters δ
ST
dot
and δcav from Fig. 2(b) respectively.
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of the hybrid dot–cavity system, cf. Figs. 3(b) and (c). These features are captured within
our sequential tunneling approach due to the fact that we have taken the dot–cavity coupling
to all orders, cf. Fig. 3(d). Missing signatures in our treatment include the direct inelastic
cotunneling through the dot when the cavity is non-resonant, cf. horizontal lines in Fig. 2(b).
Please note, that we work in a regime where temperature dominates the width for the various
energy levels, T  ΓS,ΓD.
4 Conclusion
We have shown that strong coupling between an electronic cavity and a quantum dot leads to
cavity-assited cotunneling. Specifically, when the dot is tuned deep within an even occupation
valley, clear signatures of cavity resonances appear. The cavity also directly affects signatures
of inelastic singlet-triplet cotunneling in this device. We have developed a theoretical model
where we observe that such higher-order inelastic cotunneling can be treated to lowest-order
in the coupling to leads via a resonant cavity mode. Such tunable amplification can be useful
for cavity-assisted spectroscopy of excited states of a quantum dot.
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